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Introduction
Large-scale patterns in trait variation that we see today are a major source of phenotypic diversity (Mayr 1956; Blackburn et al. 1999; Ackerly and Cornwell 2007; Lepš et al. 2011; Meiri 2011) . Spatial variation in body size is one such pervasive pattern. In particular, body size is known to vary across thermal environments, such that it may increase (Bergmann's cline), decrease (inverse Bergmann's cline), or vary little with elevation and/or latitude (Ashton and Feldman 2003; Pincheira-Donoso et al. 2008) . Bergmann's rule (sensu stricto) was initially proposed to explain the tendency for endothermic organisms in colder climates to be larger bodied. The pattern was described as an interspecific cline manifested in homeothermic animals (Bergmann 1847; James 1970) ; the proposed mechanism underlying this pattern was the conservation of heat through a smaller surface area-to-volume ratio in largerbodied animals. More recently, however, the rule (sensu lato) has been extended to include intraspecific size clines and ectothermic organisms, especially squamates (Rensch 1938; Ashton and Feldman 2003; de Queiroz and Ashton 2004; Olalla-Tárraga et al. 2006 ) and insects (Chown and Gaston 2010; Shelomi 2012) . As empirical studies accumulated, new interpretations of the mechanisms underlying Bergmann's cline emerged. These interpretations involve environmental factors correlated with temperature or differences in thermoregulatory ability (reviewed in Meiri 2011; Olalla-Tárraga 2011) .
Despite various empirical and theoretical developments, it remains challenging to bridge studies conducted at different phylogenetic scales. Much debate surrounding Bergmann's rule has focused on whether it should occur within or among species (Mayr 1956; Blackburn et al. 1999; Meiri 2011) , largely considering intra-and interspecific body size clines separately. However, at the clade level, clines of body size (or any other trait) reflect intra-and interspecific variation. Within species, body size-environment relationships, like other trait-environment correlations, can arise because of local adaptation and/or phenotypic plasticity (Phillimore et al. 2010 (Phillimore et al. , 2012 . However, differences in mean body size among species (beyond the effects of local adaptation and plasticity) may also contribute to body size clines because of evolutionary divergence and size-structured species turnover, such that larger species replace smaller ones along an environmental gradient (Blackburn et al. 1999; Meiri and Thomas 2007) . Finally, species-specific differences in local adaptation and plasticity may strengthen or weaken these effects. Thus, factors operating both within and among species may enhance or degrade clade-level clinal relationships.
In this article, we take an integrative approach by simultaneously considering intra-and interspecific contributions to body size clines. At the interspecific level, we focus on cross-taxon comparisons rather than assemblagebased approaches (sensu Olalla-Tárraga 2011). Specifically, we formulate and test eight competing hypotheses (H1-H8 below; fig. 1 ; table 1) for how intra-and interspecific factors can interact to construct body size clines along elevation gradients. Body size clines may be solely explained by local adaptation and plasticity, with no additional interspecific contributions, leading to a single overall cline (H1). Alternatively, either interspecific divergence or local adaptation and plasticity may be the only source of variation, resulting in purely interspecific (H2) or intraspecific clines (H3). When body size clines are due to a mixture of intra-and interspecific effects, they may be concordant (H4) or discordant (H5). In addition, there may be varying intraspecific clines, either with an interspecific cline (H6) or without (H7). Finally, there may be no intra-or interspecific clines whatsoever (H8).
We test these eight hypotheses by using two clades of Caribbean Anolis lizards from Cuba and Hispaniola as model systems. Divergence in body size is an important feature of the adaptive radiation of Greater Antillean Anolis lizards (Williams 1983; Losos 2009) . For this study, we focus on body size divergence within two deeply divergent clades from Cuba and Hispaniola. On these islands, lizards are found in environments ranging from scrubby semidesert to montane pine forests, which pose different selective pressures (Glor et al. 2003; Muñoz et al. 2014a ) and provide the opportunity for body size adaptation. By comparing the intra-and interspecific contributions to body size on both of these islands, we test whether size clines are replicated across independent but ecologically convergent clades of Anolis lizards in similar thermal environments.
Methods

Data Collection
We assembled body size data of 16 Anolis species from the cybotes (seven species) and sagrei (nine species) clades in Hispaniola and Cuba, respectively. Anoles from both clades are found in nearly all the available habitats on their islands (Henderson and Powell 2009) . Further, the two clades are similar in that they include a mix of widespread (e.g., A. cybotes on Hispaniola and A. sagrei on Cuba) and rangerestricted (e.g., A. shrevei on Hispaniola and A. rubribarbus on Cuba; Glor et al. 2003; Knouft et al. 2006 ) species, suggesting that differences in species delimitation between clades is unlikely to bias our results. We measured body size from ethanol-preserved specimens in the herpetological collection at the Museum of Comparative Zoology at Harvard University, ensuring a minimum of five individuals from at least two localities for each species (table A1 [tables A1-A3 available online]). Sample sizes were not significantly different between islands (Wilcoxon rank-sum statistic p 28.5, n p 7 and 9, P 1 .75). We focused on adult male lizards for this study because females are less well represented in museum collections. We identified males by the presence of enlarged postanal scales and a visibly enlarged throat fan (dewlap), and we measured snout-vent length (SVL), using digital calipers, to the nearest 0.01 mm. We recorded SVL as the distance between the tip of the snout and the opening of the cloaca. One person (J.E.W.) performed all measurements, which were taken twice per lizard to assure that deviation between the measurements was less than 1%; if it was not, a third measurement was taken. We retained the average of these measurements as the body size for each lizard. To control for body size evolution caused by factors unrelated to temperature that can occur on small, offshore islands, such as niche expansion and ecological release (Schoener 1969; Lister 1976a Lister , 1976b , we restricted our analyses to individuals from mainland Cuba and Hispaniola. Body size and elevation data are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.q39h2 (Muñoz et al. 2014b) .
Regression Models and Hypothesis Testing
To test hypotheses of how body size varies with elevation within and among species (H1-H8; fig. 1 ), we fitted a series of linear models to the cybotes (Hispaniola) and sagrei (Cuba) clades. Figure 1 depicts how inverse clines, commonly observed in squamates (Ashton and Feldman 2003) , may arise through the combination of intraspecific and interspecific effects. We used these models to evaluate our eight hypotheses by testing whether incorporating slope and/or intercept differences explained significantly more variation than simpler models, using ANOVA on marginal sums of squares. Testing the hypotheses requires assessing results from multiple models; specific predictions and how they were tested with the various regression models are described in table 1. Model 1 was a simple linear regression of SVL on elevation, pooling all species within a clade; this assumed that all species shared a common intercept and slope (e.g., H1). Model 2 was a one-way ANOVA that tested for differences in mean SVL among species, assuming no intraspecific relationships between SVL and elevation (e.g., H2, H8). Model 3 was an ANCOVA that allowed intercepts of the SVL-elevation relationship to vary among species but constrained slopes to be equal; this model also allowed us to assess whether intra-and interspecific patterns worked in concert or in opposition (e.g., H3-H5). Finally, model 4 was an ANCOVA with an interaction that allowed both slopes and intercepts to vary, which allowed us to assess whether intra-and interspecific effects varied in strength and direction (e.g., H6, H7). Each of our hypotheses makes a number of predictions that can be tested by evaluating these models. For example, hypothesis H1 ( fig. 1 ) predicts a significant relationship between SVL and elevation (model 1), no difference in species' intercepts after accounting for elevation (testing model 3 vs. model 1), and no difference in slopes between species (testing model 4 vs. model 3).
In all models, elevation was log transformed after addition of 0.5, to reduce right skew. We accounted for vastly different sample sizes among species by weighting observations by the inverse of their species' sample size. This weighting ensured that the relationships were not dominated by a few prevalent species (e.g., A. sagrei on Cuba and A. cybotes on Hispaniola). Given that the interaction term in model 4 evaluates whether the slope of the SVLelevation relationship varies among species (H6, H7) but not whether individual species' slopes differ from 0 (H2, H8), we also regressed SVL on elevation individually for each species.
Model 2 tests whether species' means differ but not whether those differences are related to elevation (e.g., H8 vs. H2). To test this, we calculated the mean SVL and mean elevation of each species. Using these mean values, we fitted another regression model (model 5) with species' mean SVL as the response variable and mean elevation as the predictor. Thus, for the cybotes clade (Hispaniola) n p 7, and for the sagrei clade (Cuba) n p 9. Because a species' mean elevation and body size may be strongly affected by sampling variation along its elevational range, we also fitted model 5 using species' SVL and elevational midpoints rather than means. To account for relatedness among species, we used Mahler et al.'s (2010) maximum clade cred-ibility tree to fit model 5 for each clade with phylogenetic generalized least squares (PGLS), using the gls function in the nlme package (Pinheiro et al. 2013 ) in R, version 2.15.3 (R Development Core Team 2013), and assuming a Brownian motion (BM) model for body size evolution. We chose BM because it fits the data better than an Ornstein-Uhlenbeck model in all cases (change in corrected Akaike Information Criterion [DAIC c ] was 14.8 for all comparisons).
Spatial Autocorrelation
Specimens obtained from identical or nearby localities are not expected to be independent, because of dispersal, gene flow, relatedness, or other, unmeasured environmental variables. Following Dormann et al. (2007) , we accounted for spatial autocorrelation by fitting generalized least squares (GLS) models, using the gls function in the nlme package (Pinheiro et al. 2013 ) in R, version 2.15.3. We fitted each model with three different spatial correlation structures-exponential, Gaussian, and spherical-and selected the one with the lowest AIC c for further significance testing, as above. Many specimens were collected at identical localities. Thus, to avoid distances of 0 separating spatial neighbors, we added a random jitter to X and Y coordinates. These were randomly drawn from a normal distribution with a mean of 0 and a standard deviation of 0.1 m. We repeated jittering 100 times, refitting GLS models each time. Results from GLS models were nearly identical to those from nonspatial models and led to the same conclusions; thus, spatial autocorrelation cannot account for the observed results. We present only nonspatial results below, and GLS results can be found in "Supplementary Material," available online.
Comparing Elevational Range
The detected relationships between elevation and body size within species may depend on a species' elevation range. However, we found no significant difference between the mean elevational range occupied by Hispaniolan species and that of Cuban species (Hispaniola: mean ‫ע‬ SE p 904.7 ‫ע‬ 247.8 m; Cuba: mean ‫ע‬ SE p 462.8 ‫ע‬ 170.1 m, t p Ϫ1.52, df p 14, P p .15). Furthermore, intraspecific clines may be easier to detect in species with wide elevational ranges. To test for this, we regressed the absolute value of individual species' SVL-elevation slope against elevation range, weighting points by the standard error of the slope estimate. After log-transforming individual species' regression slopes, because of highly skewed residuals, and pooling species from both islands, we found a negative relationship between individual absolute SVLelevation regression slopes and elevation range ( fig. A1 [figs.
A1-A3 available online]; general linear model slope ‫ע‬ SE p Ϫ1.1 # 10 Ϫ3 ‫ע‬ 4.6 # 10 Ϫ4 , t p Ϫ2.40, df p 14, P p .006). Thus, species with narrower ranges actually tended to have steeper body size clines, though not necessarily in a consistent direction. However, as species' elevational ranges did not differ among islands, this is unlikely to underlie any observed differences between the two clades.
Results
Body Size-Elevation Relationships in the cybotes Clade (Hispaniola)
We found that body size was negatively related to elevation on Hispaniola when data from all species were pooled together (model 1), indicating an inverse Bergmann's cline ( fig. 2 ; slope ‫ע‬ SE p Ϫ1.95 ‫ע‬ 0.18, t p Ϫ10.60, df p 433, P ! 10 Ϫ15 ). Elevation accounted for 21% of the variance in body size (table 2) . Mean body sizes differed significantly among species (model 2; table 2) and accounted for 53% of the total variance. We also found that the intercepts, but not the slopes of the SVL-elevation relationships, varied among species (model 3), revealing that the negative Bergmann's cline was primarily due to inter-rather than intraspecific differences (table 2; fig. 2 ). In this model, species' intercepts were significantly different, even after elevation was accounted for, whereas the elevation term was not significant after intercept differences were accounted for (table 2 ). In addition, the percentage of variance uniquely attributable to intercept differences (32%) was far greater than that uniquely attributable to elevation (0.1%; table 2). Finally, we found no evidence that the slopes of body size relationships varied among species (fig. 2 ), as the interaction in model 4 was not significant (table 2) . The lack of a significant elevation effect in model 3 suggests that interspecific differences drive the inverse Bergmann's cline in the cybotes clade. The inverse relationship between species' mean SVL and mean elevation (model 5) further corroborates this interpretation ( fig. 3 ; slope ‫ע‬ SE p Ϫ4.27 ‫ע‬ 0.99, t p Ϫ4.32, df p 5, P p .008). Nearly identical results were obtained when species' midpoints, rather than means, were used (not shown) and when PGLS was used to account for relatedness among species (P ! .025 for PGLS slopes). Finally, individual species' regressions of SVL on elevation revealed that slopes were not significantly different from 0 (table 3). The lack of significant intraspecific relationships, coupled with the overall inverse body size cline (model 1) and a negative cline in mean body size (model 5), is consistent with hypothesis H2 ( fig. 1) , in which the clade-level inverse cline is due solely to interspecific effects.
Body Size-Elevation Relationships in the sagrei Clade (Cuba)
When species identity was ignored (model 1), we found that SVL decreased with elevation in the sagrei clade ( fig.  2 ; slope ‫ע‬ SE p Ϫ0.71 ‫ע‬ 0.19, t p Ϫ3.78, df p 669, P ! 2 # 10 Ϫ4 ), but only weakly so, explaining only 2.1% of the variance (table 2) . Thus, we detected an overall inverse Bergmann's cline for the sagrei clade anoles.
As with the cybotes clade anoles, there were significant differences among species' mean body sizes that explained 60% of the variance in SVL (model 2; table 2). However, in contrast to the results from Hispaniola, we recovered significant intraspecific relationships between body size and elevation in the Cuban sagrei clade ( fig. 2; table 2) . Specifically, the elevation term in model 3 remained statistically significant after species differences were incorporated, although it uniquely explained extremely little variance (table 2) . This is in part because the SVL-elevation relationships differed among species ( fig. 2; table 2 ). When the variance explained by model 3 was partitioned, we found that the intercept differences and elevation independently explained 59% and 0.7% of the variance, respectively (table 2) . Allowing the slopes to vary (model 4) accounted for an additional 6.5%, for a total of 67%, demonstrating that intraspecific variation is slight relative to interspecific differences in SVL in this clade (table 2) . However, interspecific differences were not responsible for overall SVL clines, as we found no significant relationship between species' mean SVL and mean elevation (model 5; fig. 3 ; slope ‫ע‬ SE p 0.21 ‫ע‬ 1.97, t p 0.11, df p 7, P p 0.92). These results were nearly identical when midpoints, rather than means, were used (not shown) and remained nonsignificant when PGLS was used (P 1 .55 for both mean and midpoint analysis). Regressions of SVL on elevation for individual species revealed that body size decreased significantly with elevation in five out of nine species (A. allogus, A. homolechis, A. jubar, A. sagrei, and A. quadriocellifer; fig. 3; table 3) . These results closely mirrored those from our GLS analysis, with the exception of A. ahli. Although A. ahli's body size apparently increased with elevation, this relationship was not significant in our GLS analysis (table A3 ). In summary, as with the cybotes clade anoles, the sagrei clade anoles exhibited an inverse Bergmann's cline. However, unlike in the cybotes clade, there was no clear interspecific cline for the sagrei clade. Rather, within species, several species showed significant body size-elevation relationships. Given that strength and direction of the size clines differed, our results are most consistent with hypothesis H7 for the sagrei clade on Cuba.
Discussion
The cybotes and sagrei clades both exhibit an inverse Bergmann's cline; lizards tend to be smaller at high elevations Model 1 fitted a single relationship to all species (P ! .05 in both cases). Model 2 constrained slopes at 0 and allowed intercepts to vary (P ! .05 in both cases), and model 4 allowed slopes and intercepts to vary; dashed lines depict slopes that were not significant (P 1 .05) in generalized least squares models that incorporated spatial autocorrelation (table A2, available online). To ensure that the best-fit lines are visible, points are faded for models 2 and 4. Model 3 is not shown because the value of the common slope is arbitrary. Results for the cybotes clade are consistent with hypothesis H2, whereas results for the sagrei clade are consistent with hypothesis H7 (fig. 1) . than near sea level. Inverse Bergmann's clines have been previously documented in squamates (Ashton and Feldman 2003; Olalla-Tárraga et al. 2006 ), although they are by no means ubiquitous (Pincheira-Donoso and Meiri 2013). Inverse size clines may arise from a number of mechanisms. First, small body sizes at high elevations may be adaptive for thermoregulation. Because of their greater surface area-to-volume ratio, smaller-bodied individuals warm and cool more rapidly, which may allow them to more precisely thermoregulate in cold montane environments (Ashton and Feldman 2003; Sears and Angilletta 2004) . .065
.67
Note: Model 1 was a simple linear regression of snout-vent length (SVL) on ln(elevation ϩ 0.5). Model 2 was a one-way ANOVA to test for mean (intercept) differences in SVL among species.
Model 3 was an ANCOVA that allowed intercepts of the SVL-ln(elevation ϩ 0.5) relationship to vary among species, and model 4 allowed slopes and intercepts to vary. We tested the significance using marginal sums of squares. Significant (P ! 0.05) relationships are in boldface. ) and the mean elevation of their sampled localities for the cybotes clade on Hispaniola (P ! .01) and the sagrei clade on Cuba (P 1 .90). The relationships were nearly identical when midpoints, rather than means, were used (not shown).
Indeed, previous work has demonstrated that montane lizards in the Hispaniolan cybotes clade thermoregulate during the day at temperatures comparable to those for their lowland counterparts (Hertz and Huey 1981; Muñoz et al. 2014a ). Low thermal inertia may aid this thermoregulatory behavior of smaller montane lizards. Current evidence suggests that body temperatures and basking tendencies differ considerably among species in the sagrei clade (Ruibal 1961; Rodríguez Schettino et al. 2010; Hertz et al. 2013 ). Thus, it seems possible that lizard species in the two clades show different relationships between body size and thermoregulatory behavior. However, given that the anoles examined are all relatively small-bodied lizards, it also remains unclear whether the magnitude of size differences among species is sufficient to significantly alter thermal inertia.
Inverse size clines may also reflect differences in life history between low-and high-elevation lizards. Colder temperatures typically slow growth in ectotherms. This slower growth may produce smaller adult body size if colder temperatures also reduce survival to maturity or reduce fecundity, relative to lizards inhabiting warmer temperatures (Angilletta et al. 2004a (Angilletta et al. , 2004b ; but see Sears and Angilletta 2004) . Given that high-elevation lizards in the cybotes clade retain their eggs until a later developmental stage before laying (Huey 1977) and that anoles lay one egg at a time (discussed in Losos 2009), it is possible that smaller body size at maturity may serve to compensate for reduced fecundity in montane species. Alternatively, smaller body size at high elevation may also be nonadaptive and may be the result of reduced activity times that limit growth (Sears and Angilletta 2004; Caruso et al. 2014) . Finally, individuals are also subject to a range of abiotic and biotic selection pressures beyond temperature, including but not limited to microhabitat availability, competition, predation, disease, and resource avail-ability, all of which may influence body size (Angilletta et al. 2004b; Pincheira-Donoso and Meiri 2013) .
Although the precise mechanisms underlying inverse size clines remain unknown, it is clear that they were constructed in different ways on Cuba and Hispaniola. For the Hispaniolan cybotes clade, interspecific size differences are responsible for the cline, with little or no evidence for intraspecific contributions (H2 in fig. 1 ). Thus, the cybotes clade cline reflects the evolutionary divergence of species' body size, coupled with size-ordered species turnover, or the replacement of larger species with smaller ones as elevation increases (Blackburn et al. 1999; Ackerly and Cornwell 2007; Lepš et al. 2011) . Alternatively, in the Cuban sagrei clade, intraspecific body size clines are responsible for the overall inverse Bergmann's cline, with no evidence for contributions from interspecific body size differences. We suggest that these results are consistent with hypothesis H7 (fig. 1) , as there are varying intraspecific patterns but no clear interspecific cline. Thus, in this clade, variation in local adaptation and/or phenotypic plasticity likely underlies the cline, rather than evolutionary divergence in body size among species.
The differential roles of interspecific and intraspecific processes between the two clades raise many questions, especially because the adaptive radiation of Caribbean anoles is characterized by replicated, convergent evolution in microhabitat use and functional adaptations (Williams 1972 (Williams , 1983 Losos 2009 ). One possibility is that differences in the physical geography of Cuba and Hispaniola may underlie the different patterns observed on each island. Hispaniola's highland areas (sensu Wollenberg et al. 2013) and their associated climatic gradients are far more extensive than those on Cuba. Hispaniola harbors 7,940 km 2 of habitat more than 1,000 m above sea level, whereas Cuba has only 271 km 2 of highland habitat. The greater extent of climatically extreme habitats suggests a greater Note: Body size was measured as snout-vent length. Elevation was natural log transformed (after adding 0.5). Significant (P ! 0.05) models are in boldface. These results were closely mirrored in the generalized least squares analysis, except for A. ahli (table A3, available online). potential for reduced dispersal and isolation by environment along tropical elevational gradients (sensu Janzen 1967) in Hispaniola. Given that speciation depends on an area threshold on oceanic islands (Losos and Schluter 2000; Kisel and Barraclough 2010; Losos and Parent 2010) , the same may be true for highland habitat. Hispaniola's extensive highland environments may create ecological isolation that triggers speciation. This speciation may be preceded or followed by selection for reduced body size. Importantly, the ecological isolation would more likely produce stronger interspecific clines while reducing intraspecific variation. Conversely, climatically extreme habitat is more rare on Cuba. As a result, higher gene flow across elevations may have enabled the broader intraspecific clines to arise here.
The intraspecific clines observed in the Cuban sagrei clade varied considerably in strength and direction. Body size is important for multiple dimensions of an organism's biology, including physiology, ecology, and life history. Thus, body size is likely under various types of selection at the same time that may work in concert or in opposition to shape clinal patterns. For example, geographic variation in sexual selection is known to enhance or erode body size clines, particularly in species that exhibit sexual size dimorphism (Storz et al. 2001; Blanckenhorn et al. 2006 ). In anoles, sexual selection may promote large male size to aid defense of territories and to increase access to mating opportunities (reviewed in Butler et al. 2000; Losos 2009 ). Thus, variation in the strength and direction of intra-specific clines in male body size may reflect a combined response to sexual and natural selection, possibly to the extent that narrowly restricted species exhibit steeper clines than broadly distributed species, as we observed. Females in the sagrei clade exhibit much less variation in body size than males (Henderson and Powell 2009 ). This point highlights that our findings stem only from males. Although female size is likely correlated with male size, it remains unknown whether intraspecific or interspecific variation creates body size-elevation clines on these islands.
In this article, we introduced an approach that is widely applicable for parsing out the contributions of intra-and interspecific variation to trait-environment relationships. We found that patterns apparent at the level of clades may be absent or nearly so at the level of species, and vice versa. Thus, similar clinal patterns in body size can be constructed from different ecological and evolutionary processes. Our results demonstrate that restricting analyses of Bergmann's rule (or other ecogeographical patterns) solely to either the intra-or interspecific level may miss important trait-environment relationships and, consequently, may affect inferences of their underlying ecological and evolutionary factors. The analyses we present here show that mechanisms underlying biogeographic patterns should be considered in a framework that explicitly considers how local adaption and trait divergence during speciation can produce similar patterns. Integrating both intra-and interspecific effects can improve our understanding of how geographic patterns in trait distributions emerge and may prove useful to explain a wide variety of evolutionary phenomena.
